The motivation for incorporation of microgrid technology in rooftop solar photovoltaic deployment to enhance energy economics by Mageswaran, Rengasamy et al.
  
Sustainability 2020, 12, 10365; doi:10.3390/su122410365 www.mdpi.com/journal/sustainability 
Article 
The Motivation for Incorporation of Microgrid 
Technology in Rooftop Solar Photovoltaic 
Deployment to Enhance Energy Economics 
Mageswaran Rengasamy 1,*, Sivasankar Gangatharan 1, Rajvikram Madurai Elavarasan 2 and 
Lucian Mihet-Popa 3,* 
1 Department of Electrical and Electronics Engineering, Thiagarajar College of Engineering, Madurai,  
Tamil Nadu 625015 India; gsivasankar@tce.edu 
2 Clean and Resilient Energy Systems Laboratory, Texas A&M University, Galveston, TX 77553, USA; 
rajvikram787@gmail.com  
3 Electrical Engineering Department, Ostfold University College, No-1757, P.O. Box 700 Halden, Norway 
* Correspondence: mageswaranr@gmail.com (M.R.); lucian.mihet@hiof.no (L.M.-P.) 
Received: 20 November 2020; Accepted: 8 December 2020; Published: 11 December 2020 
Abstract: Deployment of rooftop solar Photovoltaic technology in domestic premises plays a 
significant role in accomplishing renewable energy transformation. The majority of domestic 
consumers still do not have a positive perception about adopting rooftop solar PV technology, due 
to its high capital cost and prolonged payback period. In this aspect, the proposed work identifies 
the factors causing energy deprivation in the present distribution and utilization system. To 
explicitly express the importance of the present work, an extensive case study based on an Indian 
scenario has been carried out to investigate where the losses occur in the existing distribution system 
and how the solar power and its storage system have been ineffectively utilized. The deep 
investigation has thrown light on several issues that lead to the performance deterioration of PV 
technology. Finally, in this work, a scheme to incorporate hybrid microgrid technology in the 
domestic distribution network has been proposed to effectively manage the distribution system and 
to efficiently utilize solar power and its storage systems. The real-time electricity tariff data have 
been taken for cost comparison and payback period calculations to prove the effectiveness of the 
proposed method. Crucial comparisons have been presented based on energy saving and carbon 
dioxide CO2 emission reduction strategies. 
Keywords: distribution system; solar PV; energy storage system; hybrid microgrid; conversion loss 
reduction; CO2 emission reduction; payback period 
 
1. Introduction 
The world as a whole is on a trajectory towards the exhaustion of fossil fuels [1]. When that 
unavoidable exhaustion has been accomplished, possibly around the end of this century, whatever 
electrical energy is consumed by the civilization must be derived from renewable resources, which 
means that the sophisticated electricity-on-demand to which we have been accustomed, will be lost 
[2]. Numerous researches have been accomplished in the field of renewable energy. Especially, 
research regarding renewable energy potential in a geographical location is much needed to promote 
renewable energy penetration [3–5]. For instance, studies such as [6,7] focusing on India’s renewable 
mix, renewable harnessing potential, political aspects are highly needed to drive the decisions 
towards renewables [8]. Apart from it, due to seasonal variations and intermittency characteristics of 
renewable energy, accurate predictions of various renewable energy resources are pivotal [9]. 
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Distributed generation systems have been gaining importance and renewable energies are getting a 
bigger ratio within energy production [10–13]. This promoted the usage of renewable energy 
microgrid with supporting various hybrid energy configurations and energy storage systems [14,15]. 
When considering all the renewables, Solar PV has been considered to be a vital renewable source 
[16]. 
1.1. Solar Photovoltaic Deployment and the Related Work  
A solar photovoltaic, also represented as solar PV, is a power generation system capable of 
converting the sun’s solar energy into usable electric power using photovoltaic cells. Solar PV panels 
are constructed by the integration of several solar cells. The large-scale solar PV deployment is done 
over the wide landscape, whereas the small scale deployment such as domestic, commercial, and 
official sectors is done by mounting the panels over the rooftop, which is known to be rooftop solar 
PV system (RTPV) [17]. Several investigations have been carried out to evaluate the performance of 
the RTPV [18,19]. Advanced PV estimation and evaluation strategies have been explored to 
accurately determine its potential [20,21]. Consecutively, economical aspects of PV deployment 
analysis are the recent focus area [22]. Modern operation and control strategies such as intelligent 
Maximum Power Point Tracking (MPPT) are employed to establish reliability [23,24].  
From the literature, it can be inferred that energy saving of about 9–20% is attained when solar 
PV is employed for home appliances and it is also suggested that the saving will be increased to 14–
25% if the excess power is stored in the battery for utilization [25,26]. Despite its numerous 
advantageous features, the majority of domestic consumers still do not show interest over installing 
a rooftop solar PV plant. As a foresight to deal with, an extensive investigation is required to explore 
the challenges and detrimental issues not only to promote the solar usage, but also to alleviate the 
deprivation in the technological implications for future sustainability. 
1.2. Factors Limiting Solar PV Technology 
An important factor influencing the performance of the renewable energy system (RES) is the 
battery storage system (BESS) charging Scheme. Renewable energy equipped microgrid energy 
management in a domestic distribution relies mostly on a BESS for handling interruption, short 
power outages, and voltage fluctuations. The deployment of batteries for solar PV applications is 
vital. The consistency of the battery performance and behavior for a long usage is dealt with in a 
previous study [27]. Nearly 13.1% of the total energy is consumed in the BESS charging of 
Uninterruptable Power Supply (UPS) through AC source [28,29]. The overall battery efficiency may 
vary between 41–80%, which includes direct energy losses, charge transportation, battery, and 
inverter [30]. 
The battery charge cycle balancing is crucial for maintaining its life [31]. Furthermore, ambiguity 
prevails about the impact of battery storage over greenhouse gas emissions. When the BESS is 
deployed in a conventional power supply system, it draws additional power in several aspects such 
as power loss due to multiple conversion processes and internal loss phenomena. It also paves the 
way for the increase in greenhouse gases, when driven by fossil fuel-based power supply systems 
[32]. Similarly, the presence of harmonics affects the performance of the grid-connected PV systems. 
The importance of reducing total harmonic distortion (THD) for the better harness of solar power is 
emphasized by [33]. In the work carried out previously [34], a solar PV prediction study has been 
carried out and it was reported that the solar PV system efficiency is affected, due to ohmic losses 
caused by inverter operation, system unavailability, and transformer losses. Similarly, inverter 
performance plays a major role in PV energy technology. An investigation has furnished that the 
solar PV inverter will operate efficiently when it is designed to operate at the maximum power point 
range and also exhibit high performance when loaded with its rated value. It states that efficiency 
gets lowered down to 50% when lightly loaded [35].  
The recent research has achieved efficiency above 95% by using a silicon–carbide power 
transistor-based inverter [36]. These devices exhibit reduced loss and temperature and hence, 
improve the service life of the system. The highly efficient inverters are available, but their costs are 
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very high which increases the capital investment cost of the installation. As a result, cost-effective 
inverters are widely used by the public, but their performances are questionable. Consecutively, the 
inefficient equipment, converter performance, and ineffective utilization process inevitably increase 
the energy consumption and result in prolong payback period.  
1.2.1. Capital Investment and Payback Period 
Decades back, the preference for solar plants for residential usage was very low. Before 2010, the 
growth of photovoltaic technology was very sluggish [37]. The main reason is that the capital 
investment for installation was huge and the payback period was about 12–15 years, but the lifetime 
of the solar panel was around 20–25 years. In some countries, the feed-in-tariff provision is not issued 
for residential consumers, and in such case, solar power is used for self-consumption and grid 
storage. Recently, the cost of the solar panel has been reduced considerably and the payback period 
is about 8–10 years [38]. Further, the payback period reduces with increasing generation capacity. 
However, the maintenance cost, repair charges, and, if any, inverter replacement, further lengthens 
the payback period. The public interprets that it may bring a loss in the investment. Therefore, the 
private utility, residential consumers, and commercial sectors showed reluctance towards the 
technology. Some of the critical factors influencing the payback period are highlighted as follows: 
1. Energy policies  
2. Efficiency of the ESS 
3. Electricity pricing 
4. Feed-in tariff 
5. Solar panel degradation 
6. Growth of domestic electricity consumption 
7. Quality and performance of the load 
1.2.2. Impact of High PV Penetration into the Distribution Network 
Another important challenge that needs to be addressed is the impact of higher PV penetration 
into the distribution network. The solar plants installed in the residential premises are connected to 
the local distribution network. During excess generation, the power is fed to the network and it is 
highly intermittent and uncontrollable. Such solar power penetration imposes various stability issues 
on distribution functionality. The common issues are voltage fluctuation, voltage rise, unbalance, and 
harmonics [39]. The major problem is high variation in the voltage profile of the distribution feeder 
and it forces the voltage regulating devices to act more frequently. It causes quick ageing and 
weakens the system [40]. Hence, a crucial focus is required to find a solution to reduce the stress in 
the distribution network. 
1.3. Overview of International Perspectives of Solar Energy Promotional Initiatives 
Solar PV deployment is a unified global perspective in energy generation and electricity markets. 
The attempt is towards attaining a solar generation capacity to satisfy any conceivable future energy 
demands. Exploiting the solar energy as a long-term source and to sustain it in the electricity market 
is a big challenge. Many attractive policies and promotional initiation are accelerated to achieve the 
objective. 
1.3.1. Solar PV Deployment—Global Scenario 
Globally, the notion of solar PV deployment for self-consumption has been evolving 
significantly [41]. The significance of solar power generation localization has been reported in the 
literature [42], using the results obtained by field trials carried out in the United Kingdom. Rigorous 
initiatives have been taken by many countries to promote renewable and replace conventional power 
generation for reducing the detrimental effects caused by fossil fuel. The literature [43] has presented 
a case study about the European Union, in which it has been suggested that switching fossil fuel 
subsidies to solar would result in CO2 reduction from 1.8% to 2.2% by 2030. Further, the deployment 
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of solar minimizes energy cost from the utility grid [44]. A comparative study of different economic 
zones and plant types has been presented [45] to exhibit the environmental efficiency of photovoltaic 
power plants in China. A case study has been presented [46] to emphasize the techno-economic 
feasibility assessment of grid-connected PV systems for residential buildings in Saudi Arabia. 
Similarly, in the literature [47], an extensive performance and economic evaluation of solar rooftop 
PV systems have been carried out for different regions in Thailand. Further improving the solar 
capacity improves the nation’s energy economics [48–50]. The statistics of average solar capacity and 
its energy cost of the countries that are leading solar power producers are depicted in Figure 1. 
 
Figure 1. Leading solar power producing country’s energy scenario. 
1.3.2. Energy Policies and Solar Market 
Many countries have fixed targets to expand solar power generation capacity. To achieve the 
targets, many initiations have been taken to promote the technology. Various solar promotional 
policies, which include subsidies, incentives, and tax credits, have been announced. These policies 
play crucial roles in deciding the payback period of the region and attract more customers [51]. These 
encouraging energy policies have resulted in a reduced payback period of 6 to 10 years [52–54]. The 
United States have provided 30% of federal tax credit for promoting a residential solar energy system 
[55]. China has issued a series of incentive policies to achieve the targets [56]. 
The subsidy rates range from 0.05 to 0.55 Yuan/kWh (USD 0.0077–0.0846/kWh), and tax 
incentives have also been announced to expand the solar PV capacity [57]. India offers 30% of the 
installation cost for rooftop PV systems [58]. Japan has offered attractive subsidies for promoting 
solar PV technology. Similarly, many countries have incorporated several energy policies to improve 
solar generation capacity [59]. Germany has announced the incentive of 50 million Euros to promote 
solar-based BESS in the country and the subsidies cover 30% of the cost of energy storage systems 
[60]. Similarly, Italy has provided an incentive for residential PV-based storage [61]. European 
countries have taken a lot of initiatives to promote solar systems by implementing convincing 
renewable energy policy and investment [62]. 
In China, after the amendment of promotional policies, the solar capacity reached a high record 
of 2.5 gigawatts (GW) in 2011, accounting for 9.12% of the world total in the year and bringing China’s 
cumulative capacity to 3.3 GW, representing 4.95% of the global cumulative installed capacity during 
2011. Then, the growth was tremendous and now China is leading the world in solar power capacity 
[63]. The US executed promotional policies during 2010 and now has added 5000 MW of renewable 
generating capacity by subsidization [64]. On June 18, 2012, Japan’s government announced enacting 
subsidies and a feed-in tariff of 42 Yen/kWh to encourage the solar market. As a result during 2013, 
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1.3.3. Subsidy Slash and its Impact 
Over and after great promotion initiatives taken in many possible ways, the solar generation 
capacity has reached a significant development. However, the countries have realized that prolonged 
subsidies would cause several other economic activities of the country such as significant raise in tax, 
amplify economical inflation, affect investment in other sectors, and curtail in the new development 
plan. Consequently, in recent years, many countries have planned to reduce subsidies and incentives. 
Some countries have lowered the subsidy rates and few have stopped subsidization. As a result, the 
solar installation growth rate has started facing a decline. The United States has reduced the tax credit 
for solar and the solar growth rate faces a setback [66]. On 31 May 2018, China’s National Energy 
Administration (NEA) ceased the approval of new subsidized projects and hence, witnessed a drop 
of 45% in solar installation target in the year 2019 [64]. As a result of these curtailment actions, the 
solar installation rate faces decline and there exists a strong discontent and disagreement among the 
consumers and utilities.  
1.4. Inferences Drawn from Existing Technologies  
After the conduction of extensive studies on existing solar energy technology and through the 
knowledge gained from the existing literature with regards to international scenarios, it has been 
inferred that the redundant conversion process and the loss in the energy conversion equipment limit 
the performance of the solar PV technology. Further, the harmonics generated by the equipment 
affect the reliability of the power system. Besides, high PV penetration causes several stability issues. 
Further, with a lot of subsidization initiatives, the world solar potential has reached a total capacity 
of 637–653 GW by the end of 2019. Only these subsidies, incentives, and energy policies have driven 
this magnificent achievement. The promotional policies and subsidization-based development 
provide merely provisional support to solar growth, but for future sustainability and growth, the 
focus is required on effective technological enhancement and energy management.  
1.5. Importance of the Proposed Work 
In the current distribution scenario, another remarkable change is noticeable from the 
consumer’s point of view in terms of an increase in the use of DC operated equipment [67]. The LED 
lighting has been getting significant, due to its low power, high luminance, and cost-effectiveness. 
Many electrical components in a household are already working on DC. Within the next 20 years, we 
could see that as much as 50% of the total loads may be made up of DC consumption. In the present 
technology, all these DC appliances need rectifiers and power factor correction (PFC) circuits before 
they can be connected to the AC electricity grid. Over a wide range, the efficiencies of these converters 
vary. Therefore, it is not always clear for a user how much energy is lost in the conversion process 
when a certain appliance is used [68]. A DC generating solar PV panel deployed in the AC 
distribution network also resurfaces the issues of conversion losses. Any energy conservation 
initiatives go in vain due to the redundant conversion process in the present scheme of power 
distribution. 
A case study has been carried out to investigate where the losses occur in the existing 
distribution system and how solar power is ineffectively utilized. AC power distribution system is 
widely used by many countries. Hence, the AC domestic distribution system in India has been 
investigated in the case study. The findings from the case study will reflect the global scenario and 
the inference drawn from the investigation will be crucial in the process of solar PV technological 
enhancement. Consequently, it has been foresighted to develop an energy management scheme to 
effectively utilize the available renewable power by managing its constraints. 
In this aspect, the present research work has been proposed to accomplish the following: 
• Carry out a qualitative and quantitative investigation to identify the shortfall in the BESS and 
solar PV schemes connected to the existing distribution system using a real-time case study. 
• Support domestic rooftop solar PV technology and BESS beyond subsidies by incorporating 
hybrid AC/DC microgrid technology in the distribution network. 
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• Imply effective energy management to increase self-sufficiency, and to reduce the pressure on 
the distribution network by reducing frequent power penetration. 
• Demonstrate the effectiveness of the microgrid technology, by presenting a crucial comparative 
analysis based on energy-saving potential and CO2 emission reduction possibilities. 
To accomplish the proposed investigations, the entire discussion has been framed into five 
schemes of the distribution system including the proposed system as the fifth scheme and a 
comprehensive representation of the investigation is shown in Figure 2. 
Figure 2. Comprehensive representation of the investigation. 
The schemes taken for investigation and analysis are as follows: 
 Scheme 1: Conventional utility distribution system 
 Scheme 2: Utility distribution system with battery backup 
 Scheme 3: Direct utility-grid tied PV system  
 Scheme 4: Utility supported stand-alone PV system 
 Scheme 5: Proposed PV based hybrid AC/DC microgrid system 
The Indian government has been taking a lot of initiatives in promoting the rooftop solar PV 
installation on the premises of domestic consumers, for decades. However, the consumers are not 
ready to adopt the solar PV power scheme. The major reasons are that the initial capital cost of the 
solar PV system is fairly high and the related energy storage is expensive. Besides, the payback period 
is very long, and the periodic maintenance cost worsens the situation further. The other issues such 
as wear and tear and life span of the panel make this technology unattractive. However, the Indian 
government has come forward to offer a subsidy for solar installation to promote renewable energy 
in the domestic area. Even then, the solar technology could not gain importance among the public.  
Scheme 1 deals with the power consumption and tariff details of the existing conventional utility 
distribution system. Scheme 2 is a configuration with a battery backup facility. A battery with an 
AC/DC converter is used for powering the emergency loads, during power outages. Schemes 3 and 
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4 use solar PV technology and the contribution of solar energy in the distribution system and the 
respective tariff reduction are analyzed. There are two configurations of solar PV installation 
commonly used. They are:  
1. Direct utility-grid tied PV system. 
2. Utility supported stand-alone PV system. 
The investigation of the direct utility-grid tied PV system is discussed in Scheme 3 and the utility 
supported stand-alone PV system is elaborated in Scheme 4. The proposed hybrid microgrid based 
distribution system is narrated in Scheme 5. 
2. Case Study on Conventional Distribution Schemes in India 
The solar PV potential disparity, due to climatic variation, is one of the prime factors [69]; but, 
in a country like India where adequate sunshine is available throughout the year, the solar energy 
conversion system is a successful and reliable power source. In an average of about 300 clear sunny 
days in a year, India’s theoretically calculated solar energy incidence on its land area alone is about 
5000 trillion kilowatt-hours (kWh) per year (or 5 EWh/year). Hence, an efficient solar energy 
conversion system will be a powerful source of electricity as that of conventional power resources. 
Further, the installation is a simple process, and it can be installed even at any remote location with 
good sunlight [70]. Excessive conversion loss, inefficient equipment, and inappropriate utilization 
are the major factors that have defamed solar PV technology. To explore these impedimental factors, 
an energy survey has been carried out in the existing distribution system with various solar PV 
connection configuration governed by Tamil Nadu Generation and Distribution Corporation 
(TANGEDCO), the electricity authority of Tamil Nadu state government, India. 
The payback period of the present conventional solar PV configuration is not appraisable and it 
is one of the important factors which cause a setback for renewable power opportunities in India. 
Consequently, a qualitative and quantitative analysis over energy consumption and cost of 
consumption is required to address the issue and to enhance the system. To accomplish this, trends 
in average electricity prices, solar PV degradation factors, and the growth of domestic electricity 
consumption are included in the analysis. The analysis has been elucidated with graphical 
representations and tabulated illustrations as follows: 
Trends in average electricity price 
Several factors influence the price of energy, and it includes supply, demand, weather 
conditions, global market, import and export, government regulation and policy, and financial 
speculation. These factors influence the increase in electricity price every year. For India, the average 
rate of increase in the cost of supply is 8.3% per annum [71]. The subsidy policies have induced 
tremendous growth in solar installation. In India, a 30% subsidy amount is provided for the 
installation cost [72], and it is depicted in Table 1. The highly appreciable payback period is obtained 
by subsidization. 
Table 1. Subsidy Cost in India. 
Description Cost (INR) 
Cost of 1 kW rooftop solar system  100,000 
Subsidy @ 30% 30,000 
Cost after subsidy 70,000 
Accelerated Depreciation @ 80% & Tax Credit @ 35% 19,600 
Net Cost after Subsidy and Accelerated Depreciation savings  50,400 
Solar PV Degradation 
The solar panel degrades over the period and the causes are environmental conditions, weather, 
dust, material quality, and power disturbances. According to the characteristics, solar panel 
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performance declines by an average of 0.8% to 0.9% each year [73]. The first-year degradation would 
be 2% and it degrades at 0.8% every year thereafter. The degradation chart is shown in Figure 3. 
 
Figure 3. Solar panel degradation over the years of usage. 
Growth of domestic electricity consumption 
The growth of domestic electricity consumption has to be taken into account while calculating 
the payback period. The increasing demand of the domestic consumer is observed to be 8.01% during 
2013–2019, which is included in the payback calculation [74] and the growth rate details are shown 
in Figure 4. 
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Figure 4. Domestic energy consumption and growth rate of energy consumption graph. 
2.1. Scheme 1: Conventional Utility Distribution System 
This scheme describes a conventional utility distribution system commonly under practice. The 
consumers are connected to 230 V, single-phase, 50 Hz AC supply terminals. Almost all the 
appliances in India have been designed to operate with these specifications. DC appliances such as 
electronic gadgets, TV, computers, etc., are also made compatible with this condition by inbuilt AC–
DC converters. However, these loads inject enormous harmonics into the power distribution network 
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distribution power line has been recorded using a power quality analyzer and the images are shown 






Figure 5. (a) Distorted current recorded in the residential premises. (b) THD of the distorted current. 
The Tamil Nadu Generation and Distribution Corporation (TANGEDCO) will formulate the 
tariff concerning government policy [75], and the tariff charge description by the Tamil Nadu 
electricity board is presented in Table 2. 
Table 2. TANGEDCO Tariff Description. 
Domestic Consumers Slab Rates Units Unit Charges (INR/kWh) 
Fixed Charges 
Bimonthly (INR) 
Consumption up to 100 units bi-monthly 100 2.50 30/service 
Consumption above 100 units and up to 200 
units bi-monthly 
0–100 2.50 
30/service 101 to 
200 
2.50 






















A residential bimonthly tariff has been taken for analysis from TANGEDCO online database 
through individual login credentials. It is shown in Table 3, and the tariff is represented on a bi-
monthly basis in Table 4. The tariff hike will be furnished by the state government according to 
energy policy and economy. In this proposed work, a tariff hike of 8.3% per year has been considered 
based on past tariff rates for payback period calculation [69]. 
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Table 3. TANGEDCO Bimonthly Tariff Details. 
Bill Date Units Consumed (kWh) Bill Amount(INR) 
09/12/2018 340 650 
09/10/2018 420 890 
09/08/2018 370 740 
13/06/2018 510 1846 
12/04/2018 440 950 
14/02/2018 260 410 




































Units consumed kWh 260 440 510 370 420 340 
Bill (INR) 410 950 1846 740 890 650 
2.2. Scheme 2: Utility Distribution System with Battery Backup 
Scheme 2, shown in Figure 6, is a configuration with a battery backup facility. An inverter is 
included for utilizing the battery power. This configuration with a battery backup facility has been 
widely preferred and found to be common among domestic consumers. Battery backup is very much 
essential to manage the deficit in power, because the suburban and rural areas undergo frequent 
power cuts during peak hours. Besides, in some parts of the country, the state electricity board will 
announce a complete power shut down for 9 h (9.00 AM to 6.00 PM) monthly once or twice with prior 
notice for new installation and scheduled maintenance work. 
 
Figure 6. Distribution scheme with battery backup. 
This scheme describes the configuration with the battery and inverter setup. The inverter losses 
and battery efficiency play vital roles in deciding the performance of this scheme.  
The efficiency of the battery is expressed using Equation (1) 𝜂 𝑊 .𝑊 . 100 %  (1) 
Battery charging and discharging processes are shown in Figure 7. The converter losses during 
charging and discharging processes greatly influence BESS performance. The individual battery 
Home Load 
Utility Grid Transformer Inverter 
DC Load 
AC Load AC/DC 
Battery 
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efficiency is affected by the self-discharge, which is due to losses across the internal resistance, and it 
can be calculated from Equation (2). When the charging and discharging current increases, the battery 
internal loss also increases and thereby the overall efficiency of the energy storage system 
deteriorates. 
 
Figure 7. Battery charging and discharging processes. 
𝑊 𝐼  (2) 
In the battery charging scenario, the energy flows from the AC source to the battery through the 
converter (rectifier) and DC–DC charging circuit. Hence, the rectifier loss and charger losses cause a 
drop in power. The charging efficiency is described using the Equations (3) and (4). 𝑊 . 𝑊 . 𝑊 . 𝑊 . 𝑊 .  (3) 
where  𝑊 . 𝑊 . 𝑊 .  𝜂 . 𝑊 .𝑊 . 100 %  (4) 
where, during the discharging scenario the battery energy is fed to the loads through DC–DC 
converter and inverter. Hence, losses rendered by both the converters are accounted and the 
discharge efficiency is obtained using the Equations (5) and (6). 𝑊 . 𝑊 . 𝑊 . 𝑊 . 𝑊 .  (5) 
𝜂 . 𝑊 .𝑊 . 100 %  (6) 
In household usage, a 12-V lead–acid battery is used for power backup. To find the charging 
efficiency, experimentation has been carried out with a 12 V, 96 Ah, battery and the setup is shown 
in Figure 8. The conventional BESS charging and discharging efficiency curve is obtained. It is shown 
in Figure 9. It has been inferred that the battery charging efficiency varies between 81–85%. Similarly, 
the experimentation has been carried out for finding discharge efficiency and the efficiency has been 
inferred to be 79–83%. However, the battery discharge takes place occasionally and hence, charging 
and discharging power consumption values are not included in tariff calculation. However, the setup 
is an online inverter system and so, the batteries are always connected to its charging terminals. 
Further, the battery receives a floating current even after complete charging. The float charging 
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Figure 8. Experiment setup for finding battery charging efficiency. 
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Figure 9. Conventional BESS charging and discharging efficiency curve. 
Table 5. Battery Float Charging from AC Terminals. 
AC Input DC Output Across Battery Terminals 
Voltage (V) Current (A) Power (VA) Voltage (V) Current (A) Power (W) 
230 0.202 46.5 14.1 0.72 10.152 
The battery consumes 10.152 W, but the AC input terminal reads 46.5 VA power by accounting 
DC converter loss and inverter loss. This power is required to be supplied all day, and hence, a float 
charge power of 46.5 VA has been considered during tariff calculation. The detailed tariff estimation 
for Scheme 2 is provided in Table 6. 
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260.00 440.00 510.00 370.00 420.00 340.00 
Net Units including battery float charge (kWh) 306.50 486.50 556.50 416.50 466.50 386.50 
Bill (INR) 859.50 1399.50 2402.90 1189.50 1339.50 1099.50 
In this scheme, the converter used for power conversion injects harmonics at the point of 
connection. Hence, the source suffers from a THD of 10–15%. The THD has been observed using 
Energy Analyser (KRYKARD ALM 35) across the terminals where computers and other DC loads are 
connected. These are DC operated but AC compatible loads and these loads have a converter that 
converts AC to DC. The efficiency of these converters is substantially poor and it pollutes the 
distribution system widely. 
2.3. Scheme 3: Direct Utility-Grid Tied Solar PV System 
The direct utility-grid tied PV system is discussed in this scheme and a schematic configuration 
is shown in Figure 10. In this scheme, solar power is inverted and injected into the utility grid directly. 
The home loads are fed by taking a separate service line from the distributor main. Moreover, 
separate converters are used for the battery backup system.  
 
Figure 10. Direct utility-grid tied PV system. 
The solar panels are rooftop mounted and the generated power is completely fed to the utility 
by a direct grid–tie inverter. To find the efficiency of the converter, real-time experimentation has 
been performed in a commonly used solar PV inverter. From the experimental observation, it is 
inferred that the efficiency is inferred to be 83–87%. Hence, the generated solar power will have to 
face the power drop across the converter every time whenever it is inverted for utilization. 
The solar potential at the test point (Madurai, Tamil Nadu, India Latitude −9.95 and Longitude −78.15) 
has been obtained from the U.S Department of Energy, National Renewable Energy Laboratory 





AC/DC AC Load 
Battery 
Direct grid-tie Converter 
MPPT Charger 
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(NREL) PV Watts calculator [76] The hourly data has been taken and averaged month-wise and used 
for analysis, it is depicted in Table 7. The month-wise averaged power value is summed up for bi-
monthly for tariff calculation. In this scheme, the average value of the inverter efficiency of 85.45% is 
included in the tariff calculation and the results are tabulated in Table 8. 
Table 7. Hourly Solar DC Array Output Power. 
Hour 
Month Wise Hourly Solar DC Array Output Power/Day (W) 
Jan Feb Mar April May June July  Aug  Sep Oct Nov Dec 
6 0.0 0.0 0.0 9.0 31.8 36.1 30.0 21.6 30.1 35.4 39.4 3.4 
7 106.4 156.7 173.7 188.3 202.7 195.0 156.9 100.7 221.9 237.3 281.3 231.5 
8 319.5 269.4 356.3 395.3 385.8 363.0 305.4 207.2 411.1 440.1 412.5 438.9 
9 431.6 353.7 557.1 522.8 494.9 493.2 455.6 345.2 553.8 580.1 557.6 588.3 
10 590.4 322.5 647.8 607.3 601.0 578.1 531.4 491.0 643.6 671.7 666.7 676.5 
11 469.7 607.1 713.5 645.2 630.3 608.0 584.6 410.0 684.7 702.8 694.0 712.3 
12 674.9 683.1 716.6 641.1 532.8 602.8 587.2 392.7 663.9 669.9 677.1 700.1 
13 649.7 628.9 668.5 597.4 551.3 553.7 546.2 263.4 617.5 612.9 638.2 641.0 
14 473.6 565.0 569.2 512.1 474.3 460.6 453.7 181.8 522.3 512.6 492.8 533.4 
15 428.7 333.6 449.5 383.7 343.2 323.8 332.0 255.4 380.7 367.1 372.7 380.7 
16 248.5 243.4 278.8 227.3 187.2 163.7 96.6 210.7 204.4 192.4 149.6 198.4 
17 62.0 89.7 101.6 77.2 59.0 51.0 28.5 79.4 62.2 24.7 21.2 16.1 




151.7 141.6 153.9 135.9 128.4 120.4 124.8 135.0 137.3 135.9 133.0 134.2 




































Solar power generated (kWh) 282 276 237 249 262 249 
Grid stored Solar power after inversion (kWh) 240.96 235.85 202.52 212.77 223.88 212.78 
Power required for the loads& battery float 
charge (kWh) 
306.50 486.5 556.5 416.5 466.5 386.5 
Net units consumed from the utility(kWh) 65.53 250.66 353.98 203.73 242.62 173.73 
Bill (INR) 193.83 691.97 1001.95 539.32 636.55 464.32 
2.4. Scheme 4: Utility Supported Stand-Alone PV System 
This scheme includes a battery for power backup purposes, as shown in Figure 11. The solar 
power is inverted by an inverter and supplied to the loads. Hence, the inverter loss and battery float 
charging power are included in the tariff calculation. The float charge parameters are measured from 
the experimental setup and tabulated in Table 9. Since the battery is charged directly by the DC 
source, the power consumed for float charging is 27.6 W. 
Sustainability 2020, 12, 10365 15 of 29 
 
Figure 11. Utility supported stand-alone PV system. 
Table 9. Battery Float Charging from DC terminals. 
DC Input DC across Battery Terminals 
Voltage (V) Current (A) Power (W) Voltage (V) Current (A) Power (W) 
56 0.49 27.6 53.5 0.4 21.4 
The inverter loss calculated for Scheme 3 is applicable for this scheme and it is accounted for in 
the tariff calculation. The details are provided in Table 10.  




































Solar power generated (kWh) 282 276 237 249 262 249 
Solar power available after inversion & battery 
charging (kWh) 
201.23 196.11 162.78 173.03 184.14 173.04 
Load requirement (kWh) 260 440 510 370 420 340 
Net units consumed from the utility (kWh)  58.77 243.90 347.22 196.97 235.86 166.97 
Bill (INR) 176.93 671.69 981.67 522.42 647.58 447.42 
2.5. Inferences Drawn from the Case Study  
Based on the case study conducted on the existing conventional distribution schemes, the 
following issues have been identified. 
● Low voltage DC appliances need a transformer to step down as well as a converter to convert 
from AC to DC. 
● The scheme with battery backup also requires a transformer and converter. 
● During a power outage, the battery power is inverted to AC for utilization, and it undergoes 
inversion loss.  
● The converters of appliances inject enormous harmonics which increase the losses in all 
aspects of the system and it imposes a THD of 10–15%. 
● Inverter efficiency varies between 83–87% and gets lowered further when it is lightly loaded. 
● BESS charging efficiency is about 81–85% and discharge efficiency is about 79–83%. 
● Conventional battery float charging at the AC power terminal is 46.5 VA. 
● In Scheme 4, all-day solar-based charge-controlled float charging is about 27.6W. 
Utility Grid Solar Panel Transformer Inverter 
Home Load 
DC Load 
AC/DC AC Load 
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MPPT Charger 
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3. Scheme 5—Proposed PV-Based Hybrid AC/DC Microgrid System 
This scheme aims at incorporating a technique to reduce frequent conversion processes. Over 
the recent years, half of the household equipment has been DC powered. On the other hand, 
renewable energy sources like solar panels and fuel cells generate DC power. To respond to this 
growing use of DC systems, the evolution of DC infrastructure is needed. Previous work [77] has 
investigated the opportunities and challenges in adopting a DC distribution system. The benefits and 
feasibility of the DC distribution system, when DC generation schemes are available, are explained 
previously [78]. Hence, the concept of DC microgrid has to be developed to utilize the generated DC 
power from solar to the DC loads and with which, the redundant conversion losses can be reduced. 
Since the other loads require AC supply, an interactive AC/DC microgrid is required to effectively 
utilize the energy [79–82]. In regards to all the aforementioned information, the proposed work will 
pay the way for exploring the feasibility and potential of implementing solar PV based interactive 
hybrid AC/DC microgrid with an effective storage system, as shown in Figure 12. In real-time, this 
proposed topology has to be incorporated by re-structuring the distribution infrastructure by 
constructing a separate AC/DC bus system with which loads can be categorized and supplied 
separately. Hence, the redundant power conversion has been avoided and thereby power 
conservation is guaranteed. A prototype model of the configuration is realized for investigation, as 
shown in Figure 13. 
 
Figure 12. Hybrid AC/DC microgrid-based distribution system. 
Utility Grid PV Array CB 
Vug , fug Vmg ,fmg 
Synchro 
check relay 
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Figure 13. Prototype setup of the proposed scheme. 
The bi-directional grid–tie converter is designed with the IEC 62040–3 standard which adheres 
to grid code requirement and microgrid compliances. The DC bus system is operated with IEEE 
P2030.10, it is a Standard for DC Microgrids Electricity Access Applications. The overall microgrid is 
designed according to IEEE 1366–2012 standards which are intended for compliance of Power 
Distribution Reliability. The proposed scheme has been equipped with an efficient battery 
management system for providing a strong power backup as well as energy saving. The battery 
efficiency has been tested in the microgrid environment and the observation is shown as a graphical 
representation in Figure 14.  
















 Charging Efficiency %




Figure 14. Battery charging and discharging efficiency curve in microgrid environment. 
Since the multiple charging and discharging processes as shown in Figure 5 have been evaded, 
as a result, the efficiency of the BESS has been enhanced to 95%. Generally, the backup battery power 
is supplied to uninterruptible loads such as fan and lighting loads, during power outages. In this 
scheme, the conventional AC fan and light loads are replaced with energy-efficient DC loads. The 
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Since these loads operate in DC, they can be fed by DC supply without any major conversion. The 
tariff calculation of Scheme 5 is provided in Table 13.  
Table 11. Non-Interruptible Load Consumption. 
Uninterruptible 
Loads Quantity Hours of Usage Power Rating of Loads (W) 
   Conventional AC Load 
Energy Efficient AC 
Compatible DC Loads 
Lights 6 27 40 24 
Fan 3 19 75 35 
Table 12. Comparison Between Conventional and Energy Efficient Loads. 
Uninterruptible Loads. Units/Day (kWh) 
Percentage of Net Power 
Consumed /Day 
Conventional AC loads 2.64 40.6% 
Energy Efficient loads 1.34 20.62 


































Solar power generated (kWh) 282 276 237 249 262 249 
Solar Power available after feeding 
DC load (kWh) 
201.60 195.60 156.60 168.60 181.60 168.60 
Solar Power available after 
Inversion (kWh) 
172.27 167.15 133.82 144.07 155.18 144.07 
Power required to feed AC load 
requirement (kWh) 
101.60 281.60 351.60 211.60 261.60 181.60 
Units consumed from utility (kWh) −70.67 114.45 217.78 67.53 106.42 37.53 
Grid storage (kWh) 70.67 - - - - - 
Net unit consumed from utility 
(kWh) 
0 43.78 217.78 67.53 106.42 37.53 
Bill (INR) 0 139.45 593.34 198.82 296.05 123.83 
Experimentation is conducted for varying solar irradiation, temperature, and the corresponding 
impact over the current, voltage, and power output of the solar PV system is observed for realization; 
it is shown in Figure 15. 
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Figure 15. Experimental inference of solar potential for varying solar irradiations and temperatures. 
The generated solar DC power is directly fed to DC loads and hence, the multiple conversion 
processes have been reduced. A power-saving of about 10% is achieved by minimizing the 
conversion process and savings of 20% have been achieved by using energy-efficient DC loads in this 
Scheme. Further, the amount of power fed for inversion is reduced by 20% and hence conversion loss 
has been minimized. The battery efficiency is relatively improved by 15% when it is operated 
exclusively in a DC environment. By reducing the conversion loss and usage of energy-efficient DC 
loads have successively reduced the dependence on utility power in this proposed scheme when 
compared to the other schemes. Consecutively, fossil fuel usage is reduced and it results in CO2 
emission reduction. 
The CO2 emission reduction is the crucial point of focus and the existing works have emphasized 
the use of renewable resources for CO2 reduction [83–85]. The effective usage of solar PV power using 
the proposed scheme will pave way for reducing carbon dioxide emission and reducing the 
conversion loss will decrease global warming consecutively. The carbon dioxide emission in the 
Indian scenario has been obtained from the CO2 baseline database for the Indian power sector [86]. 
The carbon dioxide emission rate of generating stations based on the fuel category can be calculated 
from the following Equation (7). 
𝐴𝑏𝑠𝐶𝑜 (𝐺𝑒𝑛 𝑆𝑡) = 𝐹𝑢𝑒𝑙𝐶𝑜𝑛 , × 𝐺𝐶𝑉 , × 𝐸𝐹 × 𝑂𝑥𝑖𝑑  (7) 
The Specific CO2 emission of stations is computed using Equation (8). 𝑆𝑝𝑒𝑐𝐶𝑂 (𝐺𝑒𝑛 𝑆𝑡) = 𝐴𝑏𝑠𝐶𝑂 (𝐺𝑒𝑛 𝑆𝑡)𝑁𝑒𝑡𝐺𝑒𝑛(𝐺𝑒𝑛 𝑆𝑡)  (8) 
If the fuel and other power generation details are available in units, the absolute CO2 emission 
can be obtained by Equation (9). 𝐴𝑏𝑠𝐶𝑜 (𝑢𝑛𝑖𝑡) = 𝑆𝑝𝑒𝑐𝐶𝑂 (𝑢𝑛𝑖𝑡) × 𝑁𝑒𝑡𝐺𝑒𝑛(𝑢𝑛𝑖𝑡)  (9) 
where 1 Unit = 1 kWh 
The emission factor is indicated in a previous study [68] as 0.82 for the Indian scenario. To find 
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𝐴𝑏𝑠𝐶𝑂 (𝑖𝑛𝑘𝑔) = 𝑁𝑒𝑡𝐺𝑒𝑛(𝑢𝑛𝑖𝑡) × 𝐸𝐹  (10) 
A quantitative analysis of the amount of CO2 emission reduction details is presented in Section 
4. 
4. Comparative Analysis of the Schemes 
The units consumed from a utility distribution system and the respective tariff details of the 
schemes in a year are given in Table 14. The chart shown in Figure 16 is the energy consumed by the 
distribution schemes from the utility. In Scheme 2, the battery backup setup increases energy 
consumption. Further, the converters inject harmonics into the distribution mains. Schemes 3, 4, and 
5 are facilitated with a solar PV system, in which Scheme 3 and Scheme 4 suffer frequent conversion 
loss. Hence, solar energy contribution is not appreciable. 
Table 14. Units Consumed by the Schemes in a Year. 
Months 
Units Consumed per Bi-Monthly (kWh) 
Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 (Proposed) 
Jan-Feb 260.00 306.50 19.03 58.77 0.00 
Mar-April 440.00 486.50 204.16 243.90 43.78 
May-June 510.00 556.50 307.48 347.22 217.78 
July-Aug 370.00 416.50 157.23 196.97 67.53 
Sep-Oct 420.00 466.50 196.12 235.86 106.42 
Nov-Dec 340.00 386.50 127.23 166.97 37.53 
Total Units 2340.00 2619.00 1290.25 1249.69 473.04 
Bill (INR) 7286.00 8290.4 2783.95 3447.72 1351.49 
 
 
Figure 16. Power consumption by the schemes from the utility. 
 
In the proposed distribution scheme, the conversion losses are reduced and the demand for 
electricity from the utility is much reduced, which can be inferred from Figure 17. In Figure 18, the 
particulars of energy savings obtained by installing solar plants and the respective payback period 
are indicated along with the installation cost and government subsidy Consequently, the amount 
paid as a tariff for the utility is much less. Further, it results in improved energy saving. The energy-
saving details are projected for ten years, as depicted in Figure 18, and a reduced payback period is 
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Figure 17. Energy contribution and tariff chart for a year. 
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Figure 19. Energy-saving and the resulting payback period chart. 
The conventional solar PV scheme (similar to Scheme 3 of the case study) with direct grid–tie 
topology cause high stress in the distribution network because of the frequent power penetration. 
Further, uncontrollable and intermittent power inflow causes high voltage variation and other 
stability issues. The proposed scheme increases the rate of self-consumption and relieves the stress 
on the distribution system by reducing the rate of grid penetration, as shown in Figure 20. The 
incorporation of solar-based microgrid with a distribution network results in the usage of solar power 
to meet the local demand. As a result, fossil fuel usage has been reduced and it has fruitfully resulted 
in reduced carbon emission, as shown in Figure 21. Hence, the proposed Scheme 5 also paves the 
way for ecological improvement. From this comparative analysis, it has been inferred that the 
incorporation of the proposed hybrid energy management system has shown proven energy 
conservation possibilities. 
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Figure 21. CO2 emission details of the distribution schemes. 
5. Conclusions and Future work 
The proposed work is an implication study to identify the cause for distrust about solar PV 
technology among domestic consumers around the world. An extensive case study has been carried 
out using real utility tariff rates and consumer energy consumption data. The performance 
characteristics of converters and equipment are inferred using the experimental validation of the 
Indian distribution system. It has been identified that the redundant conversion process between the 
source and load, inefficient converter topology, and unproductive battery storage topology 
management are the detrimental factors influencing the performance of solar PV technology. After 
the extensive investigations, a proposed hybrid microgrid-based distribution scheme has been 
proposed and the following important conclusions are drawn: 
• The hybrid AC/DC microgrid based distribution scheme proves to be an effective solution to 
effectively utilize solar energy and BESS.  
• The BESS performance shows a 10–16% improvement. 
• Energy savings of 1866.96 kWh/year is achieved from 1 kW solar PV.  
• The battery, when deployed in the conventional scheme, increases the carbon emission by 
228.78 kgs/year. However, when the BESS is managed in the proposed DC microgrid 
environment, it is reduced by 1530.91 kgs/year. 
• The payback period of solar PV installation can be reduced from 8 years to 4 years. It also 
improves the rooftop solar PV installation opportunities, and the sustainability of the solar 
technology market is guaranteed. 
• High PV penetration can be reduced by maximizing internal consumption and energy 
storage. It has been suggested that the direct grid-tied solar scheme can be avoided to reduce 
the stress on the distribution system. 
The authors have also inferred that in certain adverse weather conditions such as a cloudy 
situation when the solar system is not generating ample power, it is hard to meet the scheduled 
demand. In such situations, the power demand is met using the utility grid and the solar PV power 
distribution strategy suggested by the proposed scheme may not adhere to the expected energy cost 
minimization scenario. The future scope of the work shall be enhanced by including solar forecasting 
information to predetermine the solar potential and schedule the distribution management 
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Nomenclature 
AbsCO2(in kg) Absolute CO2 emission in kilogram 
AbsCO2(Gen St)y Absolute CO2 emission of the generating station in the given financial year ‘y’ 
AbsCO2(unit)y Absolute CO2 emission for the units of energy generated in the given financial year ‘y’ 
EFi CO2 emission factor of the fuel i based on GCV- 
FuelConi,y Amount of fuel of type i consumed in the financial year ‘y’ 
GCVi,y Gross calorific value of the fuel i in the financial year ‘y’ 
NetGen(GenSt)y  Net power generated from the generating station in the given financial year ‘y’ 
NetGen(unit)y Net units of energy generated in the given financial year ‘y’ 
Oxidi  Oxidation factor of the fuel i 
SpecCO2(GenSt)y Specific CO2 emission from the generating station in the given financial year ‘y’ 
SpecCO2(unit)y Specific CO2 emission for the units of energy generated in the given financial year ‘y’ 
Winv,Cond Conduction Power loss in the inverter 
Winv,SW Switching power loss in the inverter 
WPrectrec Power loss during reverse recovery in the rectifier 
Wbat,chg Battery charge power 
Wbat,dis Power at battery terminal during discharge 
Wg,chg Power at the point of the battery charging terminal 
Wg,dis Power at the terminal point during discharge of a battery 
Wint,loss Battery internal loss 
Winv,loss Power loss in the inverter 
Wloss,chg Power loss during battery charging 
Wloss,dis Power loss during battery discharging 
Wrect,loss Power loss in the rectifier 
Wtrs,loss Power loss in the transformer 
ηPCC.chg Battery charging efficiency 
ηbat Battery efficiency 
AC Alternating Current 
BESS Battery Energy Storage System 
DC Direct Current 
INR Indian Rupee 
MPPT Maximum Power Point Tracking 
RES Renewable Energy System 
TANGEDCO Tamil Nadu Generation and Distribution Corporation 
UPS Uninterrupted Power Supply 
r Polarization resistance 
unit one unit is 1000 Wh 
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